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Effects of dispersion of insolvable particles on peritectic transformation kinetics in Fe–C binary alloy sys-
tem have been investigated by means of a model experiment based on a diffusion couple method. During
isothermal holding of the diffusion couple of δ and liquid phase samples, the peritectic transformation pro-
ceeds by migrations of ferrite(δ)/austenite(γ) interface and liquid(L)/γ interface. It was observed that the
existence of insolvable particle, ZrO2, in δ phase retarded the migration of δ/γ interface and also the migra-
tion of L/γ interface. The retarding effect by the ZrO2 particles becomes strong as volume fraction of par-
ticles increases and/or particle radius decreases, which is qualitatively coincident with the effect of
particles on grain growth (Zener pinning). These findings were verified by multi-phase field simulations.

KEY WORDS: peritectic transformation; Fe–C system; second phase particles; retarding effect; diffusion
couple; multi-phase field.

1. Introduction

It is known that during continuous casting processes of
peritectic carbon steels coarse austenite (γ ) grains are usual-
ly formed, which causes harmful effects on hot ductility and
the occurrence of surface cracking of the cast slabs.1) There-
fore, the formation of coarse γ grains is one of the major
problems in the continuous casting processes. In peritectic
carbon steels, ferrite (δ ) or liquid phase inhibits γ grain
growth during the peritectic transformation in δ+γ or L+γ
two-phase field following the peritectic reaction L+δ→γ .
Rapid grain growth of γ phase takes place at high tempera-
tures immediately after the completion of the transformation
into γ single phase at a temperature which is denoted as Tγ
in this paper. Therefore, the decrease in Tγ corresponds to a
decrease in the temperature for onset of rapid grain growth,
thereby retarding γ grain growth at high temperatures. In
fact, it has been reported in several studies2–5) that reduction
of Tγ by alloying element addition leads to grain refinement
of as-cast γ structure. It should be noted that these early
works focused on the reduction of Tγ due to stabilization of
liquid or δ phase in a low temperature region. To the best
of authors’ knowledge, there has not been any attempt made
for the reduction of Tγ due to retardation of the peritectic
transformation process by insoluble particles, which is our
main concern in this study.

In the peritectic reaction, liquid and δ phases react to form
γ phase which leads to a thin γ phase film separating the liq-
uid and δ phases. The peritectic reaction proceeds by the
migration of triple junction between liquid, δ and γ phases.
Shibata et al.6) and Phelan et al.7) performed in-situ obser-

vations by means of confocal scanning laser microscope,
demonstrating that this reaction proceeds at quite high
velocities of several mm/s. The fact that the peritectic reac-
tion occurs at very high rates has been confirmed by recent
phase field simulations.8) After this fast reaction process, the
liquid and δ phases are completely separated by γ phase.
Then, δ to γ transformation and liquid to γ solidification, i.e.,
the peritectic transformation takes place and the thickness of
the γ phase film increases. The kinetics of peritectic trans-
formation in Fe–C binary alloys has been investigated in
both experimental and numerical works. Matsuura et al.9–11)

performed model experiments using a solid/liquid diffusion
couple and demonstrated that δ/γ interface migrates at much
higher velocity than L/γ interface. This evidence has been
verified by finite difference simulations for carbon
diffusion9–13) and phase field simulations.8)

It should be pointed out that the findings mentioned
above were obtained for planar interfaces moving without
any obstacle. The pinning effect of insoluble particles on
grain growth has been widely studied14–17) and the theoreti-
cal treatment was firstly proposed by Zener.18) When the
grain growth is considered, the driving force is associated
with the reduction of total amount of grain boundary energy.
Hence, the retarding effect by the insoluble particle is fully
determined in the light of the reduction of total amount of
grain boundary energy. On the other hand, when the motion
of δ/γ interface is considered, the driving force originates
from the difference in the chemical potential between δ and
γ phases. The kinetics of this interface motion is generally
diffusion-controlled. Hence, the retarding effect of insoluble
particles on peritectic transformation should not be deter-
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mined by only the reduction of total amount of interface
energies. However, if insolvable particles exist in δ phase
and are contact with the moving δ/γ interface, the amount
of δ/γ interfacial energy associated with the contact area
should vanish. Then, the migration of δ/γ interface passing
over the particles involves the increase of the amount of
interfacial energy. Therefore, it is highly expected that the
migration of δ/γ interface during the peritectic transforma-
tion should be retarded as is similar to the phenomenon
known as pinning effect on grain growth.

The main purpose of the present study is to clarify wheth-
er or not the pinning effect of dispersed particles on migra-
tion of δ/γ interface during the peritectic transformation
exists and also to investigate the effects in terms of different
volume fractions and radii of the second phase particles. For
this, we carry out the diffusion couple experiment by which
the migration velocities of δ/γ and L/γ interfaces during the
peritectic transformation can be measured. It will be dem-
onstrated that the migration of δ/γ interface is retarded by
the particles dispersed in δ phase. Interestingly, the exist-
ence of particles in δ phase also reduces the migration
velocity of L/γ interface. As is similar to the Zener pinning,
the retarding effect on δ/γ and L/γ interfaces becomes sig-
nificant when volume fraction is high and/or the particle
size is small. In the present study, furthermore, these find-
ings are verified by means of multi-phase field simulations.

2. Experimental Procedures

We carried out the diffusion couple experiment which is
essentially the same as that proposed in Ref. 9). Figure 1
shows the equilibrium phase diagram of Fe–C binary
alloy.19) When δ solid sample with 0.04 mass% carbon and
liquid sample with 1.25 mass% carbon are held in contact
with each other at 1 718 K, γ phase appears in between these
samples. The thickness of the γ phase increases with
increasing holding time. Importantly, the γ phase grows
toward δ solid sample by δ to γ transformation and toward
liquid sample by liquid to γ solidification. Then, the migra-
tions of δ/γ and L/γ interfaces can be investigated in detail.
In the present study, the insolvable particles, more specifi-
cally, ZrO2 spherical particles are dispersed in the δ solid
sample and the migration of δ/γ and L/γ interfaces is inves-
tigated in the diffusion couple experiment. The procedures

are explained below.
We focused on the holding temperature of 1 718 K. The

liquid sample of Fe-1.25 mass% C alloy was prepared by
mixing an Fe-4.5 mass% C alloy and pure iron. The δ solid
sample containing uniformly dispersed ZrO2 particles was
prepared as follows. Pure iron powder of 150 μ m in diam-
eter was mixed with ZrO2 particles by ball milling for 1
hour, and then the mixture was hot pressed at 1 373 K into
a cylindrical shape having a diameter of 25 mm and a height
of 25 mm. After contact with liquid sample at 1 718 K, this
pure iron δ solid sample receives carbon from liquid sample
and its carbon concentration increases up to the equilibrium
value, viz., 0.04 mass% in a short time. The radius, r and
volume fraction, fv of the ZrO2 particles were varied from
r=15 to 50 μ m and from fv=0.02 to 0.3, respectively. The
purities of liquid and δ  solid samples without ZrO2 were
Si<0.01, Mn<0.01, P<0.002, S<0.002 and Al<0.001 mass%.

The liquid sample thus prepared was put in an Al2O3 cru-
cible with an inner diameter of 34 mm and a depth of 135
mm and the crucible was held inside a SiC electric furnace
at 1 843 K with flowing Ar atmosphere. As schematically
illustrated in Fig. 2(a), the δ  sample was suspended by a thin
Al2O3 tube from the upper part of the furnace at which the
temperature is about 1 000 K. After the liquid sample was
completely melted, the furnace was cooled to 1 718 K with
a cooling rate of 0.028 K/s. During this cooling process, the
δ  sample was slowly moved to the position just above the
liquid sample inside the crucible. When both samples
reached 1 718 K after holding for 10 min, the δ  sample was
slightly moved down to have a contact with the liquid sam-
ple, as shown in Fig. 2(b). When a predetermined time
passed, the thin Al2O3 tube joined with the δ  sample was
broken rapidly and the diffusion couple was quickly
dropped into strongly stirred iced water to quench the diffu-
sion couple sample.

The quenched diffusion couple was sectioned longitudi-
nally and the sectioned surface was etched with a 3 vol%
Nital solution after polishing. The thickness of γ  phase
formed from the δ  and liquid phases was measured using an
optical microscope.

Fig. 1. Equilibrium phase diagram of Fe–C binary alloy.19)

Fig. 2. Schematic drawing of the experimental procedures includ-
ing (a) initial positions of the two samples and (b) contact
of two samples.
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3. Phase Field Simulation

In order to check the validity of the experimental find-
ings, we performed phase field simulations. An accurate
computation of peritectic reaction and transformation
requires a quantitative phase-field model which should be
constructed based on thin-interface limit. A quantitative
multi-phase field model for the peritectic reaction and trans-
formation has been recently developed by our group.20)

However, in present study, for some limitations and uncer-
tain parameters which will be explained later, our focus is
restricted to qualitative simulation. Hence, a multi-phase
field model proposed by Steinbach and Pezzola21,22) was uti-
lized to see the particle effect qualitatively. A set of order
parameters {φ i} was introduced to distinguish different
phases. Here, the subscript i of φ i with i=L, γ , δ  and p spec-
ifies liquid, γ , δ  phases and the insolvable particle. φ i is
allowed to vary continuously from 0 to 1. φ i satisfies the
normalization condition, , where the summation is
carried out over all i. The concentration, c, is given by,

, with the concentration associated with i phase, ci.

The time evolution of φ i is described by the following
equation,

, ................ (1)

where F is the free energy functional of the system, Mij is
the mobility of i/j interface. N is the number of coexisting
phases at a given spatial point. sij takes 1 when i and j phases
coexist and it takes 0 otherwise. The functional derivative
in Eq. (1) is written as,

, .................... (2)

where ε ij and ω ij are the gradient energy coefficient and a
height of parabolic potential between i and j phases, respec-
tively. fi

c is the free energy density of i phase and fc is the
chemical potential. In the derivation of Eq. (2), we intro-
duced the condition of the equal chemical potential between
the coexisting phases.23) In dilute alloy system, the follow-
ing relation can be used,

,... (3)

where R is gas constant, T is the temperature and Vm is molar
volume.  represents the concentration of i phase in equi-
librium with j phase.

The time evolution of concentration, c, is described by,

, ......... (4)

where Di is diffusion coefficient in i phase, kiγ is the partition
coefficient defined as kiγ=ci/cγ.

In Eq. (2), ε ij and ω ij are related to the interfacial energy
between i and j phases, σ ij, and the interface thickness, W,
as follows,

, ............................ (5)

.................................. (6)

The mobility, Mij, in Eq. (1) was assumed as follows,8,20)

, ....... (7)

where a=0.6276, and Tm,ij is the transition temperature
between i and j phases in pure iron.

We performed two-dimensional (2-D) simulations. The sys-
tem is schematically shown in Fig. 3(a). The Neumann bound-
ary condition was applied to x direction, while periodic bound-
ary condition was applied to y direction. The total length of x
axis was fixed at 300 μm, while the total length of y axis, l,
was varied depending on fraction of particles. The initial
thicknesses of the liquid and γ  phases are about 50 and 1.5 μm,
respectively. The temperature was set at 1 718 K. The insolv-
able particles are uniformly distributed in δ  phase. We
assumed carbon did not diffuse into the particles. Also, the
particles that do not change the shape and position were con-
sidered by fixing the spatial profile φ p during the whole trans-
formation process. In order to fix φ p, the interface mobility
related to the particle, Mγ p and Mδ p, and carbon diffusion coef-
ficient of the particle, Dp, are set to zero. Under this condition,
φ p was not changed with time, viz., ∂φ p/∂t=0 and φγ, φ δ change
in time satisfying the normalization condition (φ p+φ δ+φ γ=1).
The initial concentrations of liquid and δ  phases were set to

 and , respectively. The initial concentration in γ  phase
was continuously changed from  at L/γ  interface to  at
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Fig. 3. (a) schematic drawing of phase field system and (b) initial carbon concentration profile along x-axis.
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δ /γ  interface. The initial carbon concentration profile is
shown in Fig. 3(b). The parameters used in the present sim-
ulations are summarized in Table 1.

It is noted that three-dimensional (3-D) simulations are
essentially required for comparison with the experimental
results. In terms of computational cost, however, our simu-
lations are restricted to 2-D system. In the present discussion
about simulations, for the sake of convenience, the total area
of particles per unit area is called as volume fraction, fv,
instead of area fraction. In the simulations, the volume frac-
tion, fv was varied from 0.0 to 0.3. The particle radius, r was
fixed at 0.5 μm. The interfacial energy between particle and
δ  phase, σ p/δ, and that between particle and γ  phase, σp/γ,
were assumed to be the same as σδ/γ, because no exact value
about the interfacial energy between ZrO2 particles and
matrix was reported.

As mentioned above, our simulations are limited to 2-D
system and the system size and particle size are not compa-
rable to the present experiment conditions. In addition, the
present multi-phase field model essentially suffers from
anomalous interface effects20,24) which makes it quite diffi-
cult to perform quantitatively accurate simulations under a
given set of input parameters. Importantly, a large uncertain-
ty involves in the values of σ p/δ and σ p/γ assumed in this
study. In the light of these facts, the present simulations are
not meant to be carried out to obtain accurate results which
can be quantitatively compared with the experiment results.
The present simulation was used to qualitatively check the

validity of the experimental findings.

4. Results and Discussion

Figure 4 presents a longitudinal section of a sample hav-
ing ZrO2 particles with r=15 μ m and fv=0.1 and held at
1 718 K for 1 hour. Three different regions, viz., fine equi-
axed γ  grains, coarse columnar γ  grains and very fine den-
drites are observed from top to the bottom of this figure as
indicated on the right-hand side in Fig. 4. These regions cor-
respond to δ , γ  and liquid phases before quenching as indi-
cated on the left-hand side in Fig. 4. The positions of δ /γ  and
L/γ  interfaces were apparently specified based on the differ-
ence in microstructure. Additionally, since ZrO2 particles
initially exist in only δ  phase region, the initial L/δ  interface
can be clearly identified, which is marked as a dash line
inside Fig. 4. The spherical ZrO2 particles are randomly dis-
tributed in γ  and δ  phases above the initial interface. The
upper and lower parts of the γ  phase from the initial inter-
face correspond to γ  phase transformed from δ  phase and
that solidified from liquid phase, respectively. Therefore, the
thickness of γ  phase produced from δ  phase and that from
liquid phase can be separately measured.

Figure 5 shows the relationships between square root of
holding time and the thickness of γ  phase transformed from
δ  phase. In Fig. 5(a), the results for different volume frac-
tions, fv=0.02, 0.1 and 0.3 are shown. The radius of ZrO2

particles is 50 μ m in all the cases. The thickness of γ  phase
in each sample increases with the holding time. The result
for fv=0.1 is not obviously different from that for fv=0.02.
However, the thickness for fv=0.3 is always smaller than
those for fv=0.02 and 0.1 at each period of time. Namely, the
addition of ZrO2 particles in δ  phase retards the migration
of δ /γ  interface, indicating that there exists the retarding
effect of particle on δ /γ  interface. In Fig. 5(b), the results of
different particle radii for fv=0.1 are compared. One can see
that the finer particle size results in the smaller thickness of
γ  phase. The retarding effect emerges even with fv=0.1 when
the particle size is small. These experimental results dem-
onstrate that the insolvable particles in δ  phase play a role
of pin in migration of δ /γ  interface. This retarding effect
becomes stronger with a higher volume fraction and/or

Table 1. Parameter values in simulation.

parameter symbol value [unit]

system size – 300×l [μ m2]

(l is inter-particle spacing)

mesh size Δx 10–7 [m]

Δy 10–7 [m]

time step Δt 0.5×10–6 [s]

interface width W 7.0×Δx [m]

molar volume20) Vm 7.7×10–6 [m3 mol–1]

interfacial energy20) σδ /γ 0.370 [J m–2]

σ L/γ 0.319 [J m–2]

σ p/γ 0.370 [J m–2]

σ p/δ 0.370 [J m–2]

diffusion coefficient20) Dγ 7.61×10–6exp(–13.7×104/RT) [m2 s–1]

Dδ 1.27×10–6exp(–8.3×104/RT) [m2 s–1]

DL 5.20×10–6exp(–5.0×104/RT) [m2 s–1]

Dp 0 [m2 s–1]

i→j phase transition
temperature of pure iron20) Tm, γδ 1 399 [K]

Tm, γ L 1 801 [K]

Fig. 4. Microstructure on the longitudinal section of sample having
ZrO2 particles of r=15 μm and fv=0.1, quenched after hold-
ing at 1 718 K for 1 hour.
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smaller radius of insolvable particles. The fitting lines in
Figs. 5(a) and 5(b) also clearly show this tendency, although
the deviation with the plots exists due to the limited plots.

Figure 6 shows the relationships between square root of
holding time and the thickness of γ  phase solidified from liq-
uid phase. It should be noted that L/γ  interface does not
directly interact with ZrO2 particles. However, the migration
of L/γ  interface was clearly retarded by the addition of ZrO2

particles. This retarding effect becomes significant when fv

is large and/or r is small, as is similar to the case of δ /γ  inter-
face.

In early diffusion couple experiments for δ /γ  and L/γ
interface motion,9,10) it was shown that the growth of γ  phase
during peritectic transformation in Fe–C system is con-
trolled by the carbon diffusion in γ  phase from liquid to δ
phases and the time dependence of thickness is described by
the following parabolic rate law,

, ................................ (8)

where x (μm) is the thickness of γ  phase, t (s) is the holding
time and ai/j (μ m/s1/2) is called parabolic constant for i/j
interface. As shown in Figs. 5 and 6, the results with exist-
ence of ZrO2 particles can be described by the parabolic rate
law. The parabolic rate constants obtained in the present
experiments are summarized in Table 2. A low value of ai/j

indicates a low velocity of migration of i/j interface. Hence,
the value of ai/j can be considered as a measure of how
strong the retarding effect exists.

As mentioned above, when δ /γ  interface is intersecting

with the particles, it is bent, which causes the increase of
total amount of interfacial energy and leads to the retarda-
tion of δ /γ  interface migration. According to the Zener pin-
ning theory, the pinning pressure PZ on δ /γ  interface migra-
tion due to all particles in unit area can be calculated as
follows, 25)

. .............................. (9)

This equation suggests that the dragging force increases
with increase in fv and decrease in r. Hence, our experimen-
tal results regarding δ /γ  interface are qualitatively consistent
with the Zener pinning theory. On the other hand, the retar-
dation of L/γ  interface observed in Fig. 6 and Table 2 will
be discussed later.

The effect of second phase particle on peritectic transfor-
mation has been demonstrated by discussing the experimen-
tal facts. However, the behavior of moving δ /γ  and L/γ  inter-
faces during peritectic transformation is not clear from the
microstructure of quenched sample shown in Fig. 4. More-

Fig. 5. Effects of (a) volume fraction, fv, and (b) radius, r, of ZrO2

particles on the growth of γ  phase during δ  to γ transforma-
tion at 1 718 K.

x a ti j= /

Fig. 6. Effects of (a) volume fraction, fv, and (b) radius, r, of ZrO2

particles on the growth of γ  phase during liquid to γ  solidifi-
cation at 1 718 K.

Table 2. Parabolic constant regressed from experimental data.

r(μm), fv of particle 50, 0.02 50, 0.1 50, 0.3 15, 0.1

aδ/γ (μ m/s1/2) 59.9 59.7 47.4 50.8

aL/γ (μm/s1/2) 11.7 11.6 8.5 7.8

aδ/γ: parabolic constant of δ /γ  interface; aL/γ : parabolic constant of L/γ  inter-
face.
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over, to check the validity of the experimental results, espe-
cially the effect of particle in δ  phase on migration of L/γ
interface, and to get better understanding of them, we per-
formed 2-D phase field simulations. The simulated results
are discussed as follows.

The time evolution of moving interfaces is shown in Fig.
7. One can see that γ  phase grows toward δ  and liquid phas-
es. In Figs. 7(b) and 7(c), it’s obvious that the velocity of
both δ /γ  and L/γ  interfaces with the existence of particles is
lower than that in no particle case. Importantly, when δ /γ
interface is intersecting with the particles as shown in Fig.
7(b), it is bent by particle. The total amount of interfacial
energy depends on the length of interface in case of 2-D.
The bent process involves increasing length of δ /γ  interface
due to the change of its shape. Hence, the increment of total
amount of interfacial energy occurs when the interface pass-
es over the particle and therefore the migration of δ /γ  inter-
face should be retarded. The results of phase field simula-
tions for time dependences of thickness of γ  transformed
from δ  and liquid phases are shown in Fig. 8(a). These
dependences are described well by the parabolic rate law
given by Eq. (8). The calculated parabolic rate constants of
δ /γ  interface and L/γ  interface are plotted in Fig. 8(b). Both
aδ /γ and aL/γ decrease with increase in volume fraction. More
specifically, the existence of particle in δ  phase retards the
migration of δ /γ  interface and it also reduces the migration
velocity of L/γ  interface. This retarding effect becomes
strong as the volume fraction of particle increases. These are
in good agreement with the experimental findings shown in
Figs. 5(a) and 6(a) and Table 2.

As shown in Figs. 6 and 8, the migration of L/γ  interface
is retarded when the pinning particles exist in δ  phase. This
phenomenon is discussed. During peritectic transformation,
the carbon diffuses in γ  phase from liquid to δ  phases.
Because of the mass balance of carbon, the migration of L/γ
interface is not irrelevant to the migration of δ /γ  interface.
When the migration of the δ /γ  interface is slowed down due
to the dispersion of particles in δ  phase, the consumption of
carbon by the δ  to γ  transformation decreases, which reduc-
es carbon supply from the L to γ  solidification. Thus, the
migration of L/γ  interface is also retarded by the dispersion
of particles in δ  phase.

5. Conclusions

The effects of second phase particles on the peritectic
transformation behavior in an Fe–C system was studied by
performing a model experiment using diffusion couple
method, in which the migration of δ /γ  and L/γ  interfaces was
separately measured. The findings in the experimental work
were verified by multi-phase field simulations. The results
are summarized below.

(1) The migration of δ /γ  interface is inhibited by the dis-
persion of second phase particles in δ  phase. This inhibition

Fig. 7. Moving interface migration behavior in no particle case and particle case (fv=0.3 and r=0.5 μ m) at (a) t=0, (b)
t=1.2 sec, (c) t=2.0 sec calculated by the multi-phase field simulation. Dark grey region, grey region, bright region
and black circular region correspond to liquid, γ , δ  phases and particles, respectively.

Fig. 8. Results of phase field simulations showing (a) time depen-
dences of thickness of newly formed γ  phase from δ  and liq-
uid phases (b) effects of particles on parabolic constant.
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effect becomes significant by increasing fv from 0.1 to 0.3
with r=50 μm or decreasing r=50 to 15 μ m with fv=0.1.

(2) Although the migration of L/γ  interface does not
meet any particle, it is also retarded by the presence of par-
ticles in δ  phase. This is because of the mass balance of car-
bon during peritectic transformation. The retarding effect on
δ /γ  interface leads to an indirect effect of retardation on L/γ
interface.
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